The kinetics of catalyzed urethane-forming reactions of hydroxylterminated polyether (HTPE) with toluene di-isocyanate (TDI) in the presence of bismuth complex catalysts was investigated by non-isothermal differential scanning calorimetry (DSC). Fourier transform infrared spectroscopy (FTIR) was employed to monitor the chemical interactions of relevant groups. The kinetic parameters, including the apparent activation energy (Ea) and reaction rate constants (k) at typical temperatures calculated by the Kissinger and Crane methods, were used to evaluate the catalytic activities of triphenylbismuth (TPB) and tris(3-ethoxyphenyl)bismuthine (TEPB). The variations of Ea were studied to obtain an insight into the consistency of catalytic mechanism for the bismuth complex catalysts. The viscosity build-up of HTPE-based polymer bonded explosive (PBX) slurry was then measured to verify the catalytic activity and the pot-life during an actual manufacturing process, which fitted with the kinetics of the catalyzed cure reaction. The cure process was evaluated by the hardness of the PBX grains maintained at a temperature below typical manufacturing conditions. The results showed that TEPB is an effective catalyst, reducing the Ea of the cure reaction and the manufacturing temperature and time with an acceptable pot-life. The mechanical, thermal characteristics and compatibility of the HTPE-based PBXs were also investigated. The results suggest that TEPB is compatible with HTPE-based PBXs and contributes to improving the mechanical properties and thermal safety.
Introduction
Polyurethanes based on hydroxyl-terminated polybutadiene (HTPB) and glycidyl azide polymer (GAP) are extensively applied as prepolymer binders in composite solid propellant and polymer bonded explosives (PBXs) [1] . Hydroxyl-terminated polyether (HTPE) is a block copolymer of ethylene oxide (EO) and tetrahydrofuran (THF) (Figure 1 ) which differs from the random copolymer of EO and THF, referred to as P(E-co-T) [2] [3] [4] . Within recent years, composite propellant and PBX formulations based on HTPE have been developed as insensitive replacements for HTPB composites since they have similar mechanical properties and processability [5, 6] . According to current research, HTPE-based propellants react less violently when exposed to a thermal stimulus, which give a less severe response in the slow cook-off test for insensitive munitions (IM) compliance [7] [8] [9] . The prepolymer binder imparts dimensional stability and structural integrity to the filler particles [10] . However, the low reaction rate of the urethane forming reaction necessitates a high cure temperature, which reduces the safety of the propellant and PBX during manufacture. The typical cure temperature of a PBX is about 55 °C [11] . At this temperature, the energetic material grain acquires a tacky surface and residual internal stress, which reduces the mechanical properties of the PBX and propellant, such as tensile strength and breaking elongation, after being cooled to ambient temperature [12, 13] . Furthermore, migration of plasticizers occurs at high temperature due to the non-ideal miscibility of HTPE and plasticizers [14, 15] . Considering the manufacturing hazards, the unsatisfactory mechanical properties and homogeneity, catalysts such as triphenylbismuth (TPB) and tris (3-ethoxyphenyl) bismuthine (TEPB) have been used in HTPB-based polyurethanes, which effectively reduce the cure temperature below 35 °C [16] . Their catalytic activity and mechanism have been investigated using various techniques [17, 18] . Previous researchers proved that these catalysts accelerate the crosslinking process of HTPB and the curing agent by forming complexes with the reactive groups and decreasing the activation energy of the reaction [19, 20] . Understanding the explicit influence mechanism of these catalysts on the cure reaction is a prerequisite for the application in HTPE-based PBXs.
Figure 1. Molecular structure of the hydroxyl-terminated polyether prepolymer
Differential Scanning Calorimetry (DSC) is one of the effective techniques for investigating the cure kinetics of polyurethanes. In this study, the kinetic parameters of the catalyzed urethane reaction were calculated from the DSC characteristic temperatures at different heating rates. The kinetic equations of the cure reaction were established and the reaction rate constants at typical temperatures were calculated in order to evaluate the influence of the catalysts on PBX and propellant manufacture. Fourier Transform Infrared Spectroscopy (FTIR) was employed to analyze the changes in relevant groups before and after DSC measurement. Two bismuth complex catalysts were added to a typical polymer bonded explosive formulation PBXN-109, and the prepolymer binder, HTPB, used in this formulation was replaced by HTPE. The viscosity of the PBX slurry mixed from the binder and fillers at specified temperatures was measured to verify the catalytic activity and to determine the pot-life. The hardness of the PBX grains during the isothermal cure process was also tested to estimate the cure time of the PBX with these catalysts in an actual manufacturing process. Mechanical and thermal characteristics and compatibility of the substituted PBXN-109 were also investigated in order to observe the influence of the catalysts.
Experimental

Materials and preparation of the polyurethane samples
The HTPE used was synthesized by the School of Materials Science and Engineering, Beijing Institute of Technology. The THF/EO mole ratio was 1, average molecular weight (VPO) of the HTPE was 3600 g/mol and hydroxyl value was 0.5536 mmol/g. The density was 1.05 g/cm 3 and the viscosity was 1579 cP (25 °C). The triphenylbismuth (TPB) and tris (3-ethoxyphenyl) bismuthine (TEPB) used as catalysts were synthesized by the Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, the purity was >99.5%. The molecular structure of TPB and TEPB are shown in Figure 2 . 2,4-Toluene diisocyanate (TDI), the curing agent, was purchased from Sinopharm Chemical Reagent Co., Ltd. In this study, the stoichiometric ratio of the isocyanate groups in TDI and hydroxyl groups in HTPE was 1. The concentration of the catalysts in the blended samples was 0.2% [21] . The blends, including HTPE, TDI and catalysts, were stirred for 15 min to ensure proper dispersion and degassed for 10 min.
Differential scanning calorimetry
DSC measurements were performed using a Netzsch STA449C calorimeter. Non-isothermal heating experiments were conducted in an argon flow of 50 mL/min. The heating was from room temperature to 300 °C at heating rates of 5 °C/min, 10 °C/min, 15 °C/min and 20 °C/min in order to study the kinetics of the cure reaction. Samples of 10 mg were used for these measurements. The cure reaction was assumed to be complete when the non-isothermal curve of the blend levelled off to the baseline.
Fourier transform infrared spectroscopy
Freshly prepared blends were taken for FTIR before DSC analysis. Afterwards, the samples cured after DSC measurement were subjected to analysis of the characteristic absorptions in the range 4000-800 cm −1 using a Nicolet 6700 FTIR spectrometer. The spectra were obtained as percentage transmittance against wavenumber.
Viscosity and hardness measurements
HTPE was used to replace the HTPB in the widely applied polymer bonded explosive formulation designated as PBXN-109 [22] . The original and substituted formulations are listed in Table 1 ; and some functional additives such as antioxidant were omitted in the substituted formulation to exclude their influence. The PBX slurries were prepared according to conventional practice, the binder precursors including HTPE, plasticizer and catalysts were thoroughly mixed and degassed for 30 min before adding the solid ingredients, aluminum powder and then RDX. The last step of the mixing operation was the addition of TDI, which was mixed for a period of about 10 min prior to casting the PBX into a mould. A 5-L planetary action mixer was used for preparing the PBX slurries. A vacuum casting box was used and vibration was applied to the entire assembly to facilitate degassing. The whole mixing procedure was conducted at a temperature of 60 °C for 2 h to ensure homogeneity of the PBX slurry. A Brookfield RST plus controlled stress rheometer was used to measure the viscosity build-up of the slurry after mixing all of the ingredients. The temperature of the slurry was maintained at 60 °C by a Brookfield TC-550AP temperature controller. The slurries were cast into the moulds and kept under isothermal condition to complete the cure process. PBX slurries without catalyst were placed in an oven at 40 °C and 60 °C respectively, and the slurries with catalyst were placed in an oven at 40 °C. These PBX slurries were then cured for 5 days in order to prepare the PBX grains. The hardness of the PBX during the cure process was measured using a Bareiss Digi Test II Shore A type durometer as stipulated by ASTM D 2240 [23] . 
Mechanical and thermal properties test
The tensile test was processed after the hardness reached 30 HA. A Shimadzu AGS-J 5KN/1KN electronic mechanical universal testing machine was used at a crosshead speed of 10 mm/min according to ASTM D 882-12 [24] . The dimensions of the specimens were width 5 mm, length 70 mm and thickness Institute of Industrial Organic Chemistry, Poland 0.5 mm. The operational processes were performed at 25 °C and a relative humidity of 50% after the samples had been treated at 23 ±2 °C and relative humidity 50 ±10% for 5 days.
The thermal stability and compatibility were investigated by DSC-TGA using a Netzsch STA449C calorimeter. Samples of 5 mg were used for these measurements. The heating was from room temperature to 400 °C at 10 °C/min under an argon flow of 10 mL/min.
Results and Discussion
Cure reaction investigation
The DSC curves of different cure systems at 10 °C/min are shown in Figure 3 . The heat generated during the cure reaction of an uncatalyzed HTPE/TDI system was far below that of the catalyzed cure reactions. In this scenario, the uncatalyzed cure reaction was assumed to be incomplete since the HTPE cure process requires several days under isothermal conditions during PBX manufacture [25] . FTIR analysis was performed to study the significant chemical interactions of the characteristic groups involved before and after DSC measurement. The spectra of HTPE and TDI blends are shown in Figure 4 with significant bands being marked. The broad weak stretching vibration band of hydroxyl in the region of 3400-3500 cm −1 resulted from the low hydroxyl value of HTPE. Thus, absorption peaks near 1200 cm −1 in the spectrum should be noted due to the stretching vibrations of C−O bonds between hydroxyl and carbon atoms. The main peaks observed before DSC measurement occurred at 1218 cm −1 and 2272 cm −1 were due to the hydroxyl and isocyanate groups respectively.
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The characteristic peak of the amide II band was also observed near 1536 cm
because of urethane formation before the DSC measurement. The appearance of a narrow band at 1732 cm −1 in the sample after DSC measurement was due to the presence of C=O bonds in the urethane generated during the non-isothermal heating. However, peaks at 1218 cm −1 and 2272 cm −1 present after heating implies that the quantitative consumption of reactant was incomplete and hence the cure reaction was incomplete. 
Cure kinetic analysis
The DSC characteristic exotherm temperatures of an uncatalyzed HTPE/TDI cure reaction including initial (T i ), peak (T p ) and final (T f ) temperatures were also measured. Although an incomplete cure reaction was confirmed by FTIR, the kinetic parameters of the cure reaction without catalyst are meaningful for comparison with the catalyzed cure reactions. The characteristic temperatures of the catalyzed cure reactions are listed in Table 2 . TEPB shifted the characteristic temperatures downwards compared with the TPB catalyzed cure reaction, however, the temperature intervals (T f -T i ) of the TPB catalyzed cure reaction were smaller. This indicates that the catalytic activity of TEPB is higher than that of TPB as the cure temperature of the TEPB catalyzed reaction is lower. According to earlier research, charge distribution in the isocyanate group is the electronic resonance structure, therefore the isocyanate nitrogen is hydrogen bonded to the hydroxyl hydrogen, while the nucleophilic hydroxyl oxygen is associated with the electrophilic isocyanate carbon, resulting in an incremental electron density on the carbon of the associated isocyanate. Hence the catalytic mechanism of TPB involves association of TPB with a hydroxyl hydrogen, increasing the nucleophilicity of the adjacent oxygen in the hydroxyl due to the electron withdrawing effect of the benzene ring in Copyright © 2018 Institute of Industrial Organic Chemistry, Poland TPB [26] . The ethoxyl group in TEPB increases the electronegativity of the ethoxyphenyl group and the increased nucleophilicity of the catalyst-hydroxyl hydrogen association is thought to be the reason why the catalytic activity of TEPB is enhanced. The original Kissinger equation [27] and Crane method [28] were used to calculate the kinetic parameters, viz., apparent activation energy (E a ), preexponential factor (A) and reaction order (n).
Kissinger equation:
Crane equation:
Since E a /nR >> 2T p , the Crane equation can be simplified to:
where β is the heating rate (°C/min); E a is the apparent activation energy (kJ/mol); n is the reaction order and R is the gas constant (8.314 J/mol/K). Plots of lnβ and ln (β/T p 2 ) vs. 1/T p (where T p is the peak temperature in K) both gave straight lines. The linear relation and the adjusted coefficients of determination of the fittings were well maintained, especially for the TEPB catalyzed cure reaction. The kinetic parameters calculated according to the fitting lines of the above cure reactions are listed in Table 3 . The E a values were expected to be lower for reactions with higher reaction rates and were used to evaluate the reactivity of the cure reactions and catalytic activity of the catalysts. The E a value of the uncatalyzed cure reaction was significantly reduced from 66.41 kJ/mol to 56.96 kJ/mol and 54.06 kJ/mol by TPB and TEPB, respectively. However, the consistent reaction order of these cure reactions indicated that the bismuth complex catalysts applied in this study did not change the basic reaction of the HTPE/TDI urethane reaction. The urethane forming reaction follows n order reaction model according to research on the curing kinetic model.
where α, t and k follow the Arrhenius equation:
where k is the reaction rate constant (s
); α is the degree of curing; A is the preexponential factor (s ) and t is the reaction time. The kinetic equations of the catalyzed cure reactions, calculated by the above kinetic parameters, are listed in Table 4 . Since it was found to be incomplete, the kinetic equation of the uncatalyzed cure reaction was not established. The Kissinger and Ozawa [29] methods were both used to calculate the E a of the catalyzed cure reactions at various degrees of curing from 0% to 100% in steps of 10%. The results calculated by two methods were only slightly different in the values as shown in Figure 5 . The same variation tendency of E a at various α values should be attributed to the catalytic mechanism of the bismuth complex catalysts. The increment of E a in the earlier stage of the cure process is caused by the initial formation of a catalyst-hydroxyl association while the subsequent reaction of the formed association with the isocyanate generating the urethane group leads to a significant reduction of E a . Finally, the catalyst is regenerated with a slight increment of E a . The continuous decreasing tendency of E a in the later stage may be explained by the interaction of the catalysts and the "autocatalysis" effect [30] .
Figure 5. Apparent activation energies of catalyzed curing reaction at various
degrees of curing Figure 6 depicts the spectra of a freshly prepared blend and the raw materials, including HTPE, TDI and TEPB. The absorption peaks near 1541 cm −1 and 1732 cm −1 were due to the amide II band and urethane groups in the blend sample. Since the catalytic activity of TEPB is high, as mentioned above, the formation of urethane group during sample preparation is predictable. The shifted absorption band of the amide indicated a change in the N−H bond energy, which resulted from the catalyst-hydroxyl group association in the intermediate formed at the earlier stage. Figure 6 . FTIR spectrum of raw materials involved and TEPB catalyzed blend sample Scheme 1 explains the reaction mechanism of TEPB catalyzed urethane formation. The reaction was supposed to proceed, initially, through an association of TEPB and a hydroxyl group. Then, the reaction between isocyanate and the catalyst-hydroxyl association results in the formation of an intermediate analogous to an amide. The newly generated intermediate then rapidly forms the urethane group under the influence of TEPB. Thus, the cure reaction of HTPE is promoted by the addition of the bismuth complex catalyst to form a polyurethane network.
Scheme 1. Reaction mechanism of TEPB catalyzed urethane formation
The rate constant determines the reaction rate at a specific temperature. The difference in reactivity of reactions catalyzed by different catalysts could be confirmed by the rate constants at different temperatures. The rate constants are listed in Table 5 . As a commonly used catalyst, the catalytic activity of TPB is stable at the typical cure temperature. This suggests that the catalytic activity of TEPB is higher since the rate constant of the TEPB catalyzed cure reaction at 40 °C approached the value of the TPB catalyzed cure reaction at 45 °C. TEPB allows a reduction in the HTPE-urethane forming temperature. 
Viscosity and cure process inspection
The pot life is the process time in which the viscosity of the PBX slurry is suitable for casting. It is a significant technological parameter in the PBX manufacturing process and determines the mixing and casting time [31] . The viscosity of the slurry continues to increase after adding the curing agent due to urethane formation, and high catalytic activity catalysts can greatly accelerate the cure reaction resulting in an unacceptable pot life of the casting PBX. It is found that the pot life of a PBX slurry is the time taken for the corresponding mixture to reach a viscosity of 5000 P, according to the equipment used and previous manufacturing experience. The pot life for the present systems was determined by the viscosity build-up and is shown in Figure 7 . In general, the pot life of a slurry is required to be achieved in about 4 h to 5 h, which is satisfactory for the manufacture of conventionally sized grains. The viscosities of the catalyzed slurries at 5.5 h were both below 5000 P and available for casting. This indicates that the catalytic activities of TPB and TEPB satisfy the manufacturing process requirements based on the catalyst concentration of the PBXN-109 formulation.
The pot lives of the catalyzed slurries, especially the slurry with TEPB, satisfied the technological requirements. The high catalytic activity of the bismuth complex catalysts was the reason that the viscosity increases of the catalyzed PBX slurries were much faster than the uncatalyzed one, since the viscosities at the end of mix of the three PBX slurries were almost the same. It was observed that the viscosity increases of the catalyzed slurries proceeded in two stages, a slow first stage succeeded by a fast second stage. Since the catalyst-hydroxyl group association was formed in the first stage according to Luo's research [26] and the variation tendency of E a at the beginning of the catalyzed cure reaction, the slow viscosity increase stage could be interpreted as the formation process of the association between the catalyst and hydroxyl groups. This stage was supposed to be short in the pure binder system instead of greater than 3 h in the PBX slurries. This seems to be the result of dilution that the other ingredients impede the reaction of HTPE and the catalysts. The viscosity increases of the catalyzed slurries increased analogously in the first stage due to the analogous molecular structures of TPB and TEPB. That the second stage viscosity increase of the TEPB catalyzed slurry was faster than that for the TPB catalyzed slurry, proved that the catalytic activity of TEPB was higher. Figure 7 . Viscosity build-up of PBX slurries at 60 °C Application of catalysts in PBX manufacture contributes to a decrease in the manufacture temperature to ambient and to an improvement in the mechanical properties of the PBX grains. Slurries were cast into moulds and maintained at 40 °C to complete the cure process since the catalytic activity of TEPB was high enough under these conditions according to the above analysis. The low reaction rate of uncatalyzed urethane formation at this temperature was the reason that hardness increases in the grain without a catalyst was far below that of the catalyzed grains. As shown in Figure 8 , the hardness of the uncatalyzed grain could not be measured until 48 h because of the unformed polymer network and dimensional structure. It was observed that the application of the bismuth complex catalysts effectively enhanced the hardness build-up and shortened the time. There is a slow post-cure process in thermosetting polyurethane [32] . This suggests that PBX grains are cured when the hardness reaches 30 HA. It took approximately 72 h to complete the cure process for the PBX grain containing TEPB and 102 h for the PBX containing TPB, whereas the hardness of the TPB catalyzed grain reached a critical value under this curing condition. It could be assumed that the hardness build-up rate at a lower temperature is unacceptable for a conventional process since the reaction rate constant for urethane formation with TEPB at 30 °C was below the value of the TPB catalyzed one at 40 °C. Thus, HTPE based PBX manufacture at ambient temperature is possible by a readjustment of TEPB concentration.
Mechanical and thermal characteristics and compatibility
Tensile stress-strain curves of the PBXs cured under different conditions are shown in Figure 9 . All of the PBX specimens underwent linear deformation in the initial part until the stress reached a relative extremum. A "dewetting" phenomenon was observed in specimens after the stress extremum. The breaking elongation and maximum stress could be identified directly on the stress-strain curves. It was observed from the curves that the tensile deformation behaviour of the specimens was markably influenced by the catalysts and the curing conditions. The maximum stress of a PBX specimen cured at 60 °C was 0.35 MPa, and the stress decreased with strain after dewetting. This seems to suggest that crosslinking had not been completed during the isothermal curing process. Microcracks rapidly propagated in the incomplete polymer matrix due to the internal residual stress and finally caused fracture of the whole specimen in the tensile test. The maximum stress of a PBX specimen with TPB was much higher than that for the uncatalyzed sample. Obviously, the inferior breaking elongation of the TPB sample suggests that the curing process had also not been complete. However, the low temperature curing process led to reduced residual stress, which contributed to encapsulation of the energetic material particles and delayed the dewetting phenomenon. Two stages were observed in the curve of the TEPB sample, which were a 'linear elastic' region [33] and an 'after dewetting' region respectively. The sharply reduced Young's modulus between the two stages demonstrated that the strain of the polymer matrix dominated the second stage. The maximum stress of the PBX specimen with TEPB appeared with the breaking elongation at the second stage, which was different from the other samples. It is obvious that the degree of curing of the TEPB sample is high. The mechanical characteristics of the PBX grain with TEPB is satisfactory due to the low residual stress and high degree of curing. The thermal analysis curves of the HTPE prepolymer, PBX with TEPB and without a catalyst, at a heating rate of 10 °C/min, are shown in Figure 10 . The decomposition of the HTPE prepolymer was a two-step process without a violent exothermic peak. The first step was due to depolymerization and slight decomposition, which could be confirmed from the exothermic peak starting from about 200 °C in the DSC curve, and the slight mass loss in the TGA curve, respectively. The second step was due to decomposition of the depolymerized HTPE, corresponding to the main mass loss starting from 350 °C in the TGA curve. The initial temperature of the first decomposition step of HTPE was lower than the decomposition temperature of RDX. A violent exothermic chemical reaction can usually occur when a PBX is exposed to thermal loading, due to the decomposition of the explosive material, such as RDX. This is the major reason why munitions detonate accidentally when subjected to a thermal stimulus. The gaseous products of decomposition of HTPE can accumulate in the warhead shell, or slow cook-off test vehicle, and burst the shell before the violent decomposition of RDX, which decreases the pressure inside the shell and contributes to inhibiting the deflagration-to-detonation transition. The typical initial decomposition temperature of HTPB is about 350 °C [34] , which is much higher than that of RDX. This seems to explain the lower thermal sensitivity of HTPE based PBXs and the less severe response in the slow cook-off test for IM compliance. The compatibility of TEPB and the subjected PBXN-109 formulation can be investigated by the decomposition temperature differences (∆T) of the PBX composites according to STANAG 4147 [35] . The first exothermic peak on the PBX curves represents the decomposition of RDX, and ∆T was even less than 1 °C. This indicates that TEPB is compatible with RDX. The second exothermic peak represents the decomposition of HTPE. The decomposition temperature of HTPE with TEPB was higher than the uncatalyzed one. It could be speculated that the higher degree of curing of the catalyzed PBX contributed to improving the structural integrity of the PBX grain. Although the hardness reached 30 HA, the incomplete polymer matrix inside the uncatalyzed PBX led to the lower decomposition temperature. It can be determined from the ∆Ts of the major ingredients in the PBX composites that TEPB is certainly compatible with the substituted PBXN-109 formulation. However, the decomposition temperature of RDX in the HTPE based PBXs was shifted downward by about 10 °C, since the typical decomposition temperature of RDX is about 237 °C according to published research [36] . Therefore, the compatibility of HTPE and RDX is not sure, and relevant results will be discussed in a future publication.
Conclusions
Blends of HTPE, TDI and bismuth complex catalysts were prepared to investigate the cure kinetics of the urethane forming reaction by non-isothermal DSC. The catalysts decreased the apparent activation energy and accelerated the cure reaction. FTIR spectra were measured to investigate changes in the corresponding groups and the cure kinetics. Catalyst-hydroxyl group association was formed in the first stage, and a corresponding result was observed simultaneously from the variation tendency of the apparent activation energy at various degrees of curing. The catalytic activities of TPB and TEPB were evaluated by comparing the rate constants at specified temperatures after establishing the reaction kinetic equations. The two bismuth complex catalysts were added in a substituted PBX formulation to verify the possibility of their practical application according to the pot life and the cure process of the PBX slurry. TEPB was shown to be a positively compatible and more effective catalyst with an acceptable pot life, which would allow a significant reduction in the HTPE based PBX manufacturing temperature and time. The mechanical properties and thermal safety of an HTPE based PBX was also markably improved by TEPB.
